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INTRODUCTION 

Meta l l ic  elements (Na, Mg, A l ,  S i ,  K, C a ,  T i ,  Fe) which occur abundantly i n  
the a s h  obtained f ron  t h e  combustion of coa l s  are present  i n  t h e  o r i g i n a l  coa ls  
p a r t l y  as inorganic cons t i t uen t s  o r  minerals.  The i d e n t i f i c a t i o n  of minerals 
present  usua l ly  does not account q u a n t i t a t i v e l y  f o r  s eve ra l  of t h e s e  elements, and 
it i s  supposed t h a t  some sort of organic bonding with t h e  coa l  i s  involved. The 
nature of t h i s  bonding i n  most coals has not been determined. Changes i n  t h e  i n f r a -  
red spec t r a  of l i g n i t e s  and brown coa ls  following a c i d  and alkali t rea tment  i nd ica t e  
the  presence of me ta l l i c  salts of carboxylic ac ids  (1,2,3). For h igher  rank coals,  
i i t t l e  or  nothing i s  known about t h e  s i r u c t u r e s  of t he  metallic elements 

organicall jr  bound". I n  t h e  case of i ron ,  f o r  example, it has no t  been determined , whether t he  so-ca l led  "organict1 i r o n  is  i n  t h e  f e r rous  or f e r r i c  state, t o  what 
Element fr  elements the i r o n  i s  bonded, o r  whether t h e r e  i s  more than  one form of 

The term "organic" must be in t e rp re t ed  with care; t h e  nature of 
t h e  bonding is uncer ta in ,  and p resumbly  could be ion ic ,  coordinate,  o r  organo- 
me ta l l i c .  

organic i ron .  

Mineral components oontaining i ron  can o f t en  be i d e n t i f i e d  pe t rographica l ly .  
P y r i t e  (FeS2) is  common, both as d i s t i n c t  nodules and as veins,  o f t e n  in te r twined  
with carbonaceous macerals. 
revealed, however, many examples which lacked a co r re l a t ion  between Fe and S 
d i s t r i b u t i o n s .  
sugges t ing  incorpora t ion  i n  an  a luminos i l i ca t e  g e l  o r  kao l in i t e .  
parallelism of Fe and Ca (but not Si, Al, K, or S) i n  one specimen suggested the 
presence of Fe as carbonate o r  poss ib ly  oxide. 
f a i r l y  uniform d i s t r i b u t i o n  with no ftpparent c o r r e l a t i o n  with o the r  ash-forming 
elements. This presumably could be  organic" i ron .  

An e l e c t r o n  microprobe s tudy  of s e v e r a l  coals (4)  

I n  some cases Fe was d i s t i n c t l y  a s soc ia t ed  wi th  S i  and AI., 
A s t r o n g  

I n  some cases t h e  Fe shared 

M'dssbauer spectroscopy has been employed t o  s tudy  the chemical p r o p e r t i e s  of 
i ron  i n  a grea t  v a r i e t y  of na tura l  materials: oxides and oxyhydroxides ( 5 , 6 ) ,  
sulfides (7,8) , numerous si l icate minerals (5,6,9,10,11,~)~. i lmen i t e  and r e l a t e d  
t i t an ium minerals (5,13), siderite ( 6 ) ,  jarosites (5,14), l o l l i n g i t e  (15); ordinary 
chondrite meteorites (16) , carbonaceous chondr i tes  (13, a n  achondr i te  (16), and 
seve ra l  tektites (11). 

Recent genera l  articles on Mzssbauer spectroscopy (18,19,20,21,22) discuss  
t h e  i n t e r p r e t a t i o n  of spec t r a  i n  terms of t h e  chemical state of i ron ,  inc luding  
i t s  oxidation state, bonding, and environmental symmetry. 
quadrupole s p l i t t i n g  (A), l i n e  width ( r ) ,  l i n e  i n t e n s i t i e s ,  and a comparison of 
t h e  spec t r a  obtained at room temperature and at liquid-Ng temperature are useful. 

We have undertaken Mgssbauer s tud ie s  t o  cha rac t e r i ze  non-mineral i r o n  i n  

The isomer s h i f t  ( d ) ,  
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cua l .  A mjor aa\;antage or' t h e  bf6ssbauer technique i s  t h a t  t h e  i ron  i s  observed 
without a l t e r i : i g  i t s  chemical state o r  eniiiroluuent. 
nilnber Oi' t h e  mjor deinents present  :Bakes it poss ib l e  for small: amounts of i ron  
t o  >e obser.;ed i n  r a t h e r  l a r g e  amoun':,s 01' c m l .  Sa:nples of whole c o a l  and v i t m i n  
as free as 2oss ib le  from n i n e r a l s  xere se l ec t ed  i n  w d e r  t o  iyiinimize mineral-iron 
in te rzerence ,  and a I'ew saiqles vhose chemical ana lys i s  i nd ica t ed  "organic" iron 
were included. 

ES'ERIMENTAL PROCEDURES 

The r e l a t i v e l y  low a ton ic  

I 

Nine specixens, yri train or vhole-coal, of seven coa l s  w i t h  rank from l i g n i t e  
Their des igna t ions  and geographic or ig ins  (72:. C) t o  a n t h r a c i t e  (93;: C) were ased. 

are given i n  Table 1, i n  o rde r  of inc reas ing  carbon content.  

Table 2 i s  a compilation of the a n a l y t i c a l  d a t a  for C, H, N, S, Fe, ash, and 
0 (by  d i f f e rence )  on samples of these  materials, as determined by the Coal Analysis 
group a t  t h e  Bureau of Mines. 
ana lys i s .  
with 23;; H C l  t o  e x t r a c t  any i r o n  present  as carbonates, oxides, sulfates, e t c .  
P y r i t e  i ron  was then  removed by t r e a t i n g  t h e  HC1-leached c o a l  with 25;; €IN& t o  
d i s s o l v e  t h e  i ron  conbined wi th  sulfur; the e x t r a c t  was evaporated t o  dryness t o  
expe l  oxides of n i t rogen ,  and t h e  res idue  was disso lved  i n  HC1. I n  each case t h e  
i r o n  was reduced with SnC12, t h e  s l i g h t  excess of which was eliminated with HgC12. 
"he reduced i ron  was titrated w i t h  potassium dichromate. "Organic" i r o n  was then 
ca l cu la t ed  by sub t r ac t ing  t h e  two ac id-so luble  i ron  conten ts  from t h e  t o t a l  i ron .  
The Zesul t ing  iron conten ts  are l i s t e d  i n  Table 2 as: t o t a l ,  HC1-soluble, py r i t e ,  
and organic . 

MEssbauer spec t r a  were obta ined  on coa l  samples that were ground i n  a mortar 

The t o t a l  i r o n  i n  t h e  coal was determined by ash 
HC1-soluble i r o n  was determined by t r e a t i n g  a sepa ra t e  powdered sample 

and pestle. 
7.14 em2, was made by g lu ing  
the bottom of a c i r c u l a r  w a l l  mde from a paper card. 
p laced  i n t o  t h i s  c e l l .  
p lace .  The sample mass p e r  u n i t  area was thus  
Inorganic  i r o n  compounds and mineral  samples were ground and mounted e i t h e r  
between t w o  l u c i t e  sheets held together with Duco cement, o r  by mixing the s o l i d  
with ace tone  and Duco cement and alluwing t h i s  mixture t o  harden on a l u c i t e  sheet.  
This latter method was used on ly  when t h e  sample would not i n t e r a c t  with acetone 
o r  the cement. A l l  of t h e  materials 
used i n  t h i s  i nves t iga t ion  contained n a t u r a l  i r o n  with presumably 2.19 atom $ FeS7. 

The M'dssbauer spectrometer incorpora tes  a Nuclear Science and Engineering 
Corporation Model-B lathe-type d r ive  modified i n  t h i s  l abora to ry  for  automatic 
opera t ion .  The opera t ing  m o d e  employs constant ve loc i t  advanced i n  increments 
of C.05 mm s-'. The d e t e c t o r  of t h e  14.4-kev Co57 -. Fegf gamm r a d i a t i o n  i s  a 
Reuter-Stokes propor t iona l  t ube  containing lo$ methane i n  krypton, feeding  through 
a single-channel ana lyzer  set at 11 - 17 keV. Absorbers were mounted on t h e  
moveable t a b l e  pe endicuLar t o  t h e  r ad ia t ion  beam. 
of - 5 di of c o 5 F d i r f u s e d  i n t o  chromium metal. A Bird-Atcrmic scanning count 
i n t e g r a t o r  and Varian c h a r t  recorder  p l o t  t h e  number of counts i n  a constant t i m e  
i n t e r v a l  a t  each ve loc i ty  i n  succession. 

A c y l i n d r i c a l  c e l l ,  open on one end with a c i r c u l a r  ape r tu re  of 
a shee t  of l u c i t e  1/52" t h i c k  with Duco cement t o  

A 3.50-g sample was t hen  
The t o p  window, also 1/32" l u c i t e ,  was then cemented i n  

he ld  oonstant at 0.4% g cmm2. 

The area f o r  t h e s e  samples was a l s o  7.14 cm2. 

The s t a t i o n a r y  source cons i s t s  

Powdered samples of sodium ni t ropruss ide  gave a n  isomer s h i f t ,  r e l a t i v e  t o  
t h e  CoS7-Cr source, of -0.11 mm s-l, and a uadrupole s p l i t t i n g  of 1.68 m &I-'. 
With this source a l i n e  width of 0.25 mm s-' was obseNed wi th  an  absorber contain- 
i ng  5 ny cmS of Fe as K4Fe(CN)e.3&0. 
s e t t i n g  i s  about 2:: of the v e l o c i t y  and t h e  es t imated  unce r t a in ty  i n  derived 
s p e c t r a l  parameters is - 0.05 mm sL. 

The es t imated  uncer ta in ty  i n  t h e  ve loc i ty  

The counting t ime at each v e l o c i t y  was - 5 
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minutes, y i e ld ing  c 600,000 counts and a r e l a t i v e  standard devia t ion  < 0.135. 

+ 4.00 mm s-'. 

L. 
The v e l o c i t y  region scanned f o r  each sauple was from -2.OC mm s-l t o  about 

Most measurements were made a rooi; temperature. A c ryos t a t  m d e  from 
I' S t y r O f a  $as mounted on t h e  moveable t ab le  0: t h e  instrument ;or low-terqerature I measurements. The sample was placed i n  t h i s  and submerged i n  liquid N2. The 
, spectrum of each coal sample was run twice a t  room temperature, befcke and a f t e r  
, t h e  s p e c t m  was taken at l i q u i d 4 2  temperature. 

The data from 

J an IB1 7C40 computer. Isomer s h i f t s  are repor ted  ( i n  m s-') with r e spec t  t o  t h e  
, 

S p e c t r a l  parameters were genera l ly  read  from p l o t t e d  spec t r a .  
sample F ( a )  were f i t t e d  t o  a double Lorentz curve by a leas t - squares  program using 

i s m e r  s h i f t  of sodium n i t rop russ ide .  
as t h e  v e l o c i t y  d i f f e rences  between t h e  minima of two as soc ia t ed  absorp t ion  l i n e s .  

Quadrupole s p l i t t i n g s  are repor ted  ( i n  mm s-') 

I DATA 

/ 

J Each spectrum shows neither,  e i t h e r ,  or both of j u s t  two components: (1) a close 
doublet  similar t o  those  of p y r i t e  and mrcasite, and (2) a wide doublet  similar 
t o  those  of many f e r rous  compounds. Table 3 lists the Mossbauer paramters, 
inc luding  t h e  f r a c t i o n a l  peak absorptions,  for  w h a t  we w i l l  c a l l  r e spec t ive ly  t h e  
p y r i t e  and non-pyrite resonances. Isomer s h i f t s  and quadrupole s p l i t t i n g s  obtained 

/ with our instrument on sane powdered i ron  campounds and minerals which were 
regarded as p o s s i b i l i t i e s  f o r  the non-pyrite spectrum appear i n  Table 4. 

Room-temperature spec t r a  f o r  t h e  nine coa l  samples are i l l u s t r a t e d  i n  Figure 1. 

J 
/ The parameters observed f o r  t h e  p y r i t e  i r o n  are: isomer s h i f t  ( d )  = +0.54 

mm s-l; quadrupole s p l i t t i n g  ( A )  = 0.58 m s-I. 
p y r i t e  absorp t ion  as shown i n  F igure  1 have: d = +l.38 mm s-'; A = 2.62 mm s-'. 
The computer ana lys i s  of sample F ( a )  ind ica ted  both l i n e s  i n  t h e  spectrum had 

All of the coa ls  having a non- 
' 
p '  

c widths ( r )  of 0.39 mm s-l; t h e i r  i n t e n s i t y  r a t i o  is with in  57; of un i ty .  

f wi th  d = +0.65 m s-l and A = 0.58 mm s-l f o r  p y r i t e  and d = +1.47 mm s-' and > A = 2.78 mm s-l f o r  t h e  non-pyrite i ron .  

INTERPRETATION 

The isomer s h i f t  is a func t ion  of nuc lear  p rope r t i e s  and t h e  e l e c t r o n  dens i ty  

I 
i Liquid-N2 spec t r a  showed t h e  same absorp t ion  peaks as at room temperature, 

i 
Y 

at t h e  absorbing nucleus r e l a t i v e  t o  that of the source or a s tandard  absorber,  
such as sodium n i t rop russ ide  (23,24). 
nucleus, due e s s e n t i a l l y  only t o  s e lec t rons ,  increases ,  t h e  isomer sh i f t  decreases 

' [a lgebra ica l ly .  Thus, f e r rous  compounds have a more p o s i t i v e  isomer shift t h a n  
f e r r i c  compounds, as the a d d i t i o n a l  3d e l e c t r o n  of t h e  former inc reases  the d sh ie ld ing  e f f e c t  on t h e  3s e lec t rons  and thereby  decreases t h e i r  d e n s i t y  at t h e  

f nucleus (18). 
\ 

As the e l e c t r o n  dens i ty  at the i r o n  

For ferric i ron ,  isomer s h i f t s  ( r e l a t i v e  t o  sodium n i t rop russ ide )  
have been observed i n  t h e  range 4.1 t o  +1.1 mm S'l, and f o r  f e r rous  iron from 
-0.1 t o  +1.6 mm S-'. i; 

I 
Quadrupole s p l i t t i n g  i n t o  a two-line spectrum occurs when t h e  i r o n  nucleus 

 he f i e l d  c o n s i s t s  of t w o  p a r t s ,  (1) that f i s  i n  an  asymmetric e l e c t r i c  field. 
i produced by t h e  e l ec t rons  of t h e  iron atom, inc luding  those  shared wi th  ad jacent  
1 atoms, and (2) that r e s u l t i n g  from charges of t h e  surrounding atoms; each part 
J can con t r ibu te  t o  asymmetry at t h e  nucleus. 

s p l i t t i n g s  from zero  t o  about 2.3 nun s-l; here  t h e  asymmetry is  caused c h i e f l y  by 
charges of t h e  surrounding atoms. 
t o  - 3.3 mm s-I. 

F e r r i c  compounds shm quadrupole 

Ferrous compounds show larger values,  frm zero  
Ferrous i r o n  can e x i s t  i n  e i t h e r  a high-spin or a low-spin 

J 
1 
i 
I 

r 
I 
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Table 3 .  Room-texperature M'dssbaaer s p e c t r a l  parameters fo r  coa l  samples" 

?,TiL c i r o n  I'Jon-Pyrite i ron  
i - 

S a q l e  1so:ner Quadru2ole F rac t iona l  Is  omer Quadrupole Frac t iona l  
No. shift I s 2 l i c t i n g  absorption s h i f t  t w&iyy abs orp t  ion 

( I l m  s-1  j ('L"1 s-1 ) 0 (m 3-1) (:?I 
- N.O.* - - N.O.* A ( a )  - 

B (a) C.->, . /  
c (3) - N.O. 1 *39 2.65 2 -3 

( b )  - N.O. 1 . 3 L J  2.63 2.1 

1.5 - - N.O. 

- 

- - N.O. D ( a )  G.;l 0.>5 /.J 
\ 

( b )  0.23 0.4. 3.6 - - N.O. 

E (a )  0.3G 0.32 22.7 1.41 2.70 2.6 

( b )  0 . A  G . 3  2 - 3  
( c )  o.>c 0.,3 1.7 - - N.O. 

F ( a )  - N.O. 1.38 2.62 11.0 

(b) - N.O. 1-39 2.65 5.5 \ 

\ 

- - N.O. 

\ - 
\ 

- 
- G ( a )  - N.O. 1.38 2.65 1.5 

( b )  - - N.O. 1.38 2.65 1.0 \ 

H ( a )  0.54 0.60 1.3 1-39 2.65 1.5 
( b )  0.59 0.66 1.7 1.36 2.60 1.7 

I (a) - N.O. N.O. 
(b )  0.56 0.65 1.0 - N.O. 

\ 

! 

\ 
- - - 

* Weighing 3.50 and d i s t r i b u t e d  evenly over -(.14 em2. 

May include marcasite.  

t With respec t  t o  c e n t e r  of sodium ni t ropruss ide  spectrum. 

. .  i- Zero-point uncertain by 0.10 m s-'. 

t N.O. = not observed; i n  genera l ,  < O.y{. 

\ 
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Figure 1. 
represents - 600,000 counts. 
m e t a l ,  
add 0.11 mm 8'' to the indicated values. 

M'ksbauer spectra of coal samples. I n  maet -see, sach point 
The m c e  was Cos' diffused into chromlm 

To convert the velocity scale to the sodium nitroprusside scale, 
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s t a t e ,  depending on the  strength of the ligand f i e l d  around the  cent ra l  iron 
atom. 
results in  considerable asymmetry at the  nucleus; low-spin ferrous compounds have 
smaller f i e l d  asynrmetries, which a re  due chiefly t o  the  external environments only. 

I n  t he  high-spin configuration t h e  large asymmetry of the valence s h e l l  

Py r i t e  and m r c a s i t e ,  respectively s tab le  and metastable T o m  of FeS2, a r e  
low-spin ferrous compounds. Isomer s h i f t s  and quadrupole s p l i t t i n g s  observed i n  
t h i s  laboratory (Table 4) a r e  i n  agreement with those of Temperley add Lefevre (8). 
The parameters of the two minerals a r e  s o  similar that  t he  spectra cannot be 
resolved when both a re  present. A comparison of the data i n  Tables 3 and 4 
confirms the  conclusions fran petrographic (25) and x-ray d i f f rac t ion  (26) studies 
that  t h e  i ron  su l f ide  i n  coal consists m i n l y  of pyrite.  

From the  Mksbauer data on the  non-pyrite iron Observed i n  several  coal 
samples (Figure 1 and Table J ) ,  it can safe ly  be concluded that t h i s  iron i s  i n  a 
high-spin ferrous s t a t e .  
both isomer shift and quadrupole s p l i t t i n g  has been reported only i n  octahedrally- 
coordinated high-spin ferrous compounds, s o  it is  highly probable that the  non- 
pyr i te  i ron  i n  c o a l s  i s  i n  octahedral coordination. Neither the  ana ly t i ca l  nor 
t h e  Mksbauer data yields a d i s t inc t ion  between inorganic or  orgsnic minerals or 
compounds. 

velocity dlfference of 0.0973 mm s-' (27), and t h e  minimum observable l i n e  \width 
(I') i n  a MGssbauer spectrum is twlce this, 0.195 mm s-'. Inhomogeneities i n  the  
source and absorber, instrumental "noise", unresolved quadrupole s p l i t t i n g ,  and 
atomic spin-spin relaxation e f f ec t s  (22,28,29) increase the  apparent l i n e  widths, 
and fur ther  widening occurs with th ick  absorbers (30). 
observed with our instrument is  0.25 mm s-l f o r  a very t h i n  absorber. 
of r = 0.39 mm sa observed f o r  the strongest non-pyrite i ron  spectrum (sample F(a)) 
indicates that t h i s  doublet is  caused by a f a i r l y  well-defined i ron  compound or 
mineral, though some inhomogeneity may be present. 

Furthermore, the combination of such high values of 

The natural l i n e  width (r,) of the  FeS7 gamma radiation corresponds t o  a 

The minimum width ye have 
The value 

A large number of i ron  compounds have strong M&sbauer absorptions (large 
recoil-free f rac t ions)  at room temperature. 
or no absorption at roan temperature, but at l i q u i d 4 2  temperature t h e  in tens i ty  
is strongly enhanced (31J2). 
which m u s t  be cooled t o  liquid-N, temperature before resonant absorption is 
detected. 
d-FeOOH give nonresonant absorption a t  roan temperature. 
exhibit  an ef fec t  at liquld-N2 temperature. 
is interpreted t o  man t h a t  t he re  a r e  no compounds present i n  s ign i f icant  amounts 
that do not have appreciable resonant absorption at room temperature. 

second-order Doppler e f f ec t  (22) decreases the  isomer s h i f t  8s t h e  temperature i s  
increased. Quadrupole s p l i t t i n g s  for high-spin ferrous canpounds a r e  affected 
by temperature much more strongly than those of other i ron  ccmpounb because the  
population of the dc leve ls  of iron i n  an octahedral f i e l d  is determined by a 
BoltzlarM dis t r ibu t ion  (18,22). For example, FeS04"&0 shows a change of d 
from +1.53 t o  t1.56 mm s-l and of A f rm 3.19 t o  3.47 mm s" i n  going from roam 
t o  liquid-nitrogen temperature (18). 
spectrum i n  car1 of d from +l.38 t o  +1.47 mm 6-l ana of A fran 2.62 t o  2.78 m sa 
is i n  agreement with our assignnent t o  this c lass  of compounds. 

I n  some iron compounds where t h e  M&mbauer absorption ord inar i ly  shows a 
6-line hyperfine s t ruc ture  as a result of a magnetic f i e l d  at t h e  nucleus, very 

Some ferrous compounds show little 

We have observed tNs ef fec t  with ferrous stearate,  

Eerzenberg and Toms ( 5 )  have observed that samples of y-Fe;?% and 
These would probably 

Lack of such an e f f ec t  i n  the coals 

Isomer shifts and quadrupole s p l i t t i n g s  depend on the  temperature. A 

The observed change i n  the  non-pyrite iron 



r; 
f i n e l y  conminuted samples show instead a two-line p a t t e r n  at room temperature as 8 
r e s i l t  of t h e m 1  d is rupt ion  of the  cacroscopic magnetic domains. 
( 3 3 )  observed t h i s  e f f e c t  i n  a-Fe203 i n  p a r t i c l e s  of - 50-8 diameter, b u t  a t  
1 i q d i d - N ~  t e q e r a t u r e  t h e  b- l ine p a t t e r n  was observed. 
s p l i t t i n g  in the  coal spec t ra  a t  roo-or 1 i q ~ i d - N ~  temperatures probably r u l e s  out 
the p o s s i b i l i t y  that t h e  non-pyrite doublet  i s  caused by a magnetically ordered 
msterial (such as Fe203, Fea04, FeC3, FeS, o r  metal) present  as very1 small p a r t i c l e s .  

KKndig e t  a l .  
1 

1 
1 

The absence of any magnetic 

i 

, Inequal i ty  i n  the  i n t e n s i t y  of t h e  components of a doublet  m y  result f rm 
the  ardsatropy of t h e  absorpt ion cross  sec t ion  r e l a t i v e  t o  t h e  c r y s t a l  axes when 
(1) a s ingle-crys ta l  absorber is oriented p r e r e r e n t i a l l y  with respec t  t o  t h e  d o p t i c a l  axis, or (2)  t h e r e  is sn iso t ropy  i n  t h e  r e c o i l l e s s  f r a c t i o n  of t h e  s p l i t  
312 s t a t e ;  t h e  l a t t e r  condi t ion r e s u l t s  i n  unequal absorpt ion even with powdered 

' samples (Coldanskii  e f f e c t )  (20,21). Most of t h e  samples used i n  t h i s  work were 
' 

powdered, so only t h e  second e f f e c t  could be operat ive,  except f o r  b i o t i t e ,  which 
was mounted as a sheet .  The e s s e n t i a l  equal i ty  of i n t e n s i t y  of t h e  two non- 
p y r i t e  c o a l  spectrum l i n e s  would el iminate  any compounds showing unequal absorpt ion 

I i n  powdered samples as poss ib le  causes of t h i s  absorpt ion.  

( A t  t h e  present  state of Mgssbauer spectroscopy, t h e  i d e n t i f i c a t i o n  of an 
unknown compound from i t s  spectrum can only be made by f ind ing  a h a m  compound 
havlng t h e  same spectrum and temperature dependence. We have been unable t o  f i n d  
any published combination of s p e c t r a l  parameters, f o r  e i t h e r  na tura l  or synthe t ic  
i ron  compounds, which match t h a t  of t h e  non-pyrite i r o n  i n  coal .  Ankerite 
(Table 4 ) ,  which has not been reported previously,  l ikewise does not match. 

spec t ra  f o r  which we have been a b l e  t o  obtain data (5,6,~,9,10,11,14,18,31,34,35, 

s i l i c a t e  s e r i e s  (o l iv ines ,  pyroxenes) i n  which t h e  Fe/Mg r a t i o  varies. 
s i l i c a t e  minerals show two or more coupled Mossbauer doublets,  e l l n l n a t i n g  from 
considerat ion nany poin ts  near t h e  c o a l  point  on t h e  p l o t s .  
apparent 2- l ine  spectrum with d and A similar t o  t h e  coa l  spectrum, b u t  with 
decidedly unequal i n t e n s i t i e s  (our measuement), which p e r s i s t  i n  powdered samples 
(6), and which can be resolved i n t o  a coupled doublet  (g), whereas t h e  c o a l  
spectrum is  symmetrical. 
uncer ta in t ies  of measurement, it is apparent that 
d i s t i n c t  from any compound whose Mossbauer spectrum is known. Minerals excluded 
include oxides and oxyhydroxides, s u l f i d e s  and r e l a t e d  compounds, t h e  carbonates 
s i d e r i t e  and ankerite, t i t a n i a n  minerals,  and t h e  many s i l i c a t e s  examined. 

Some fe r rous  complexes of pyridines  (35) and 1,lO-phenanthrolines (37) have 

1 

,I 

' 
+,36,37,38,39,40). 

I 

I n  Figures 2 and 3 we have p l o t t e d  A versus d f o r  a l l  s i n g l e -  or two-line i r o n  

Attent ion is c a l l e d  t o  t h e  v a r i a t i o n s  i n  d and A with in  isomorphous 
Many 

B i o t i t e  gives an 

, I  ' 

/ 

r' 
>, I 

Even consider ing t h e  compositional v a r i a t i o n s  and t h e  
t h e  non-pyrite i r o n  in c o a l  is 

s i m i l a r  t hmgh  non-matching d and A values. 
non-pyrite i ron  could be bound t o  he te rocycl ic  ni t rogen aromatic groups i n  t h e  

These cmpar i sons  suggest t h a t  the 

coa l  macemls, or poss ib ly  i n  a clay-l ike s i l i c a t e  mineral  or gel .  
4 '  

f . 

, 
1; 
I 

An attempt was made t o  c o r r e l a t e  t h e  Mzssbauer absorp t ion  i n t e n s i t i e s  i n  t h e  
coa ls  wlth t h e  a n a l y t i c a l  data. M'dssbsuer s p e c t r a  were determined on mixtures of 
p y r i t e  i n  carbon, and t h e  f r a c t i o n a l  peak absorpt ion was p l o t t e d  awnst t h e  mas8 
f r a c t i o n  of p y r i t e  i ron .  
a n a l y t i c a l l y  determined amount of i r o n  as "pyrite" d i d  agree with the above plot ,  
but  i n  o thers  t h e  agreement was poor. This may be due t o  t h e  inadequscy of t h e  
chemical method f o r  determining p y r i t e  iron, and t o  d i f f e r i n g  mrtrix e f f e c t s  i n  
t h e  c o a h  and t h e  s tandards.  
non-pyrite i ron  absorpt ion i n  coa ls  and the  amount of 
t h e  chemical analyses ,  although t h e  sample with t h e  h ighes t  'organic" i ron,  
Jewell Valley c o a l  F ( a ) ,  showed t h e  s t ronges t  non-pyrite Morrsbauer spectrum. 

I n  a f e w  coa l  samples t h e  M'dssbauer absorp t ion  and the 

Likevise, a poor c o r r e l a p n  WBB found between t h e  
organic'' iron deduced fran 

i 



Table 4 .  Room-?;ergerature isomer s h i f t s  and quadrupole s p l i t t i n g s  f o r  
po1ycr;stalline i r o n  compounds and n;inerals 

4 This  Work G t  her Work 
Compound or hlineral d*> hS d+; AS Ref. ( 

P y r i t e ,  FeS2 

Marcasite, FeS, 

S i d e r i t e ,  (Fe,Mg)Ch 

Ankerite , ( C a ,  Mg , Fe )COS 

Olivine,  (Mg,Fe)zSiOr 

B i o t i t e ,  K(Mg,Feh(AlSbOlo)(OH)2 

T o m l i n e ,  Na(Mg,Fe )3Als(BO3 13 (Sieole) (OH14 

Ferrous s u l f a t e ,  FeSO4'7HzO 

Ferrous ace ta te ,  Fe( C2H302 ) Z  

Ferrous s t e a r a t e ,  Fe(C1&502)2 

Non-pyrite i r o n  i n  coa l  

0.54 

0.51 

1.47 

1.46 

1.39 

1.36 

1.30 

1.56 

1.45 

o.66t 

1.38 

0.60 0'- 55 

0.50 0.52 

1.78 1.47 

1.50 - 

2 -95 1.39 

1.27 
1.46 2.50 

Fe+2 1.19 
2.38 Fe" 1.44 

Fe*3 0.99 

3 -05 1-33 

2 -23 - 

0.70t - 

2.62 - 

0.61 

0.51 

1.80 

- 

3.04 

2.41 
2.81 

2.10 
2.61 
0.91 

3 e 1 9  

- 
- 

* Respect t o  center  of sodium nit roprusside spectrum. , 
t A t  l i q u i d  nitrogen temperature; no resonant absorption observed a t  room temperature. ] 
9 I n  m s-'. \. 
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aigure 2 .  Representati.re p l o t  of quadrupole s p l i t t i n g  versus isomer shift 
( r e l a t i - r e  t o  sodium n i t rop russ ide )  for:  - f e r r i c  
and n ine ra l s  (A); ----- f e r rous  compounds ( 0 )  and minera ls  ( 0 ) ;  
f e r r a t e  compounds (x), and t h e  non-pyrite i r o n  found i n  coal (*). 

compounds ( A )  

i 2  
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Figure 3 .  
r e l a t i v e  t o  sodium ni t ropruss ide  
po in t s  which are observed toge the r  i n  t h e  same mineral o r  compound. Dsshed l i nes  indicate' 
t h a t  a f e r r i c  spectrum is assoc ia ted  with t h e  p lo t t ed  fe r rous  point.  Synthetic compounds: 
1 - f e r r i a n i t e  ( synthe t ic  mica), 2-synthetic pyroxenes, 3-synthetic olivines,  4-welding glass 
>-germanium spinel,  6-oxy-salts, 7-carboxylates, 8-halides, 9-pyridine complexes, 10- \ 
phenanthroline complexes, l l - f e r rous  hemoglobin. N a t u r a l  mterials: A-sctinollte, B- 
b i o t i t e ,  C-clay minerals, F-fayalite and o l iv ine ,  M-cllnopyroxenes, P-orthopyroxenes, \ 
R-ankerite, S-s ider i te ;  T-tourmaline, X-tekti tes,  *-non-pyrite i ron  i n  coal.  

Enlarged sec t ion  of Figure 2, showing quadrupole s p l i t t i n g  versus isomer s h i f t  
f o r  two-line ferrous spectra.  Lines connect pairs of 
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CONCLUSION 

I n  sumnary, seve ra l  c o a l  sanples  conta in  a form of i r o n  which e x h i b i t s  a 
h i t h e r t o  unobserved M'dssbauer spectrum, i n  add i t ion  t o  t h e  well-known p y r i t e  
s p e c t m .  Tne non-pyrite i ron  i s  fe r rous ,  i n  a high-spin conf igura t ion ,  i n  
cc tahedra l  s ;me t ry ,  and apparent ly  i n  a r a t h e r  wel l -def ined  state Comparisons 
with known compounds suggest that t h i s  i r o n  m y  be bound i n  t h e  cdl macerals t o  
he te rocycl ic  n i t rocen  aromatic groups, though a clay-like s i l i c a t e  minera l  or g e l  
is a p o s s i b i l i t y .  
most s u i t a b l e  coa l  samples f o r  f u r t h e r  s t u d i e s  of t h i s  i r o n  by chemical and o ther  
m e t b d s .  
coa l  with syn the t i c  ccapounds o r  analogs.  We in tend  t o  pursue t h i s  l i n e  Of 
i n r e s t i G t i o n .  
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